A promoter probe, TnS-VB32, was constructed and placed in a P group R plasmid containing bacteriophage Mu sequences, allowing transfer of the transposon to bacteria such as Caulobacter, Rhizobium, and Agrobacterium without retention of the plasmid. The probe carries an altered Tn5 transposon that allows detection of chromosomal promoter regions by virtue of acquired kanamycin resistance. A fragment of DNA containing the neomycin phosphotransferase II (NPT II) gene from TnS, lacking its promoter region but retaining its translation initiation signal, was inserted into a Tn5 derivative that lacked the entire NPT II gene and a large portion of the ISSOL sequence while retaining its ability to transpose. This TnS derivative also contained the intact tetracycline resistance-encoding region of the transposon TnlO. Transposition of the TnS-VB32 promoter probe into the Caulobacter crescentus chromosome generated auxotrophic and motility mutants and Southern blot analysis of DNA from these mutants showed TnS-VB32 sequences in random-sized chromosomal restriction fragments. Transcriptional regulation by exogenous cysteine of NPT II gene expression was demonstrated in a cysteine auxotroph generated by Tn5-VB32 insertional inactivation. NPT II synthesis, measured by agar plate assays of kanamycin resistance and by immunoprecipitation of the NPT II protein, was repressed in the presence of cysteine and derepressed in its absence. Severalfla-mutants were also isolated by TnS-VB32 mutagenesis and shown to confer kanamycin resistance. Insertions within temporally regulated genes, such as those involved in flagellar biosynthesis and chemotaxis functions, can now be used directly to monitor transcriptional regulation from Caulobacter promoter sequences.
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The morphological changes that occur during the Caulobacter crescentus cell cycle are regulated both temporally and spatially. The repertoire of temporally expressed genes, those involved directly or indirectly in cellular differentiation, has begun to be defined (1) (2) (3) (4) (5) . Several differentially expressed proteins have been shown to be dependent on RNA synthesis (6, 7) , and, for example, the transcript for flagellin mRNA can be detected only at specific times in the cell cycle (ref. 8 ; M. Purucker, personal communication). A key question is whether it is differential transcript synthesis or mRNA availability that is responsible for these observations.
To search for temporally controlled genes in C. crescentus that are regulated at the level of transcription we have constructed a promoter probe that, when inserted into the genome, can place the neomycin phosphotransferase II (NPT II) gene of the transposon Tn5 under the control of C. crescentus promoter sequences. The NPT II gene product is responsible for conferring resistance to various aminoglycoside antibiotics, including neomycin and kanamycin (9) . Our TnS derivative (Tn5-VB32) lacks the transcription promoter sequences of the NPT II gene but retains the translation start signals for this gene as well as the partial left end and complete right end of the IS50 sequences required for transposition. In addition, Tn5-VB32 contains the tetracycline resistance (Tcr) gene from the transposon TnJO, which permits selection of the promoter probe in C. crescentus.
We have shown that Tn5-VB32 can be introduced into C. crescentus on a P group R plasmid (pJB9JI) that contains bacteriophage Mu sequences. This plasmid is unstable in C. crescentus by virtue of an undetermined property of Mu (10) . Chromosomal insertions of Tn5-VB32 appear to occur in a random manner, as is the case with wild-type Tn5 insertions (10) . We describe here one TnS-VB32 insertion that generated a kanamycin-resistant (Kmr) cysteine auxotroph. In this case, Tn5-VB32 had transposed into a gene involved in cysteine biosynthesis in such a way as to place the expression of the NPT II gene under the control of a cysteine-regulated promoter.
To identify transcriptionally regulated regions of the genome involved in flagellar biogenesis (a cell cycle stagespecific event), we have also isolated several strains that lack a flagellum as a result of promoter-probe insertional inactivation. Two of these strains were Kmr and thus expressed the NPT II gene from Caulobacter promoter sequences. (19) or in modified minimal M2 glucose medium (2, 20) . E. coli wildtype and mutant strains were grown in LB medium (21) or in M9 minimal media (22) supplemented with 40 ,ug of the appropriate amino acids per ml. Standard methods were used to transform E. coli C600, HB101, and AEE410 (12) . Generalized transductions using Caulobacter phage OCr30 were performed as described (23) , except that the selection was on tetracycline "slant" plates. Fifty milliliters of PYE agar conAbbreviations: NPT 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. taining 3 ,ug of tetracycline per ml was poured into a 15-cm (diameter) Petri dish and the dish then was set at a slant. After the agar had set, the dish was set horizontally and another 50 ml of PYE agar containing no antibiotic was added. This was done to ensure that the cells came into contact with the tetracycline slowly so as to allow the induction of the Tcr gene. Colonies were picked well away from the slim crescent of confluent growth at the side of the dish containing the least amount of antibiotic. Plasmid conjugation was carried out as described by Ely (18) .
Plasmids. pRZ102 and pRZ341 ( Fig. 1) were obtained from R. C. Johnson (16, 17) . The newly constructed plasmid, pVB32, was isolated after transformation of E. coli HB101 and selection of colonies on plates containing tetracycline (20 ug/ml). Plasmid pVB32 was then transformed into E. coli C600 and the modified plasmid DNA was used to transform the E. coli AEE410 (polAt') that contained pJB9JI, a self-transmissible P-type R plasmid encoding gentamycin resistance (Gmr), spectinomycin resistance (Spr) and containing the bacteriophage Mu (13). A Gmr, Tcr colony, AEE420, was mated with DF456 under selection for Gmr, Tcr derivatives. One of the rare transconjugants, AEE431, was examined for the presence of a TnS-VB32 derivative of pJB9JI (designated pPV2) by mating this strain with AEE147. One hundred percent cotransmissibility of Gmr and Tcr was found. The presence of the recAl allele in DF456 coupled with the 100% cotransmissibility of the Gmr, Tcr phenotype in subsequent matings ruled out the possibility of the Tcr phenotype being derived from chromosome mobilization of strain AEE420 concomitant with pJB9JI movement and implied that the TnS-VB32 had transposed onto pJB9JI to form pPV2.
Transfer of TnS-VB32 into C. crescentus. pPV2 was transferred from E. coli AEE431 to C. crescentus SC451 by conjugation. The transferred pJB9JI vector containing Tn5-VB32 (pPV2) was not stable in C. crescentus because it contained Mu (10) and thus all Tcr, Gm-sensitive (Gms), sps colonies were presumed to be the result of insertion of Tn5-VB32 into the chromosome. (17) .
To introduce TnS-VB32 into C. crescentus, it was first transposed onto a Mu-containing P-type R plasmid, pJB9JI carried in E. coli, as described in Materials and Methods. The E. coli strain AEE431, carrying pPV2 (pJB9JI::Tn5-VB32), was then mated with C. crescentus SC451 and Tcr transconjugants were selected. pJB9JI and its derivatives are unstable in C. crescentus presumably because Mu sequences on these plasmids are not tolerated (10) . Thus, Tcr, Gms, sps transconjugants contained TnS-VB32 inserted into the C. crescentus chromosome. The transposition frequency of TnS-VB32 was found to be 1.6 x 10-8 compared to 1.6 x i-7 for wild-type TnS.
Characterization of C. crescentus Strains Containing TnS-VB32. Of 600 SC451 Tcr exconjugants, -1% was found to be auxotrophs and s1% had lost motility. A similar proportion of mutant phenotypes was obtained when wild-type Tn5 was used for transposon mutagenesis (10) . To ascertain whether the auxotrophic and motility mutants were in fact due to the insertion of TnS-VB32 and not to spontaneous mutations, the Tcr marker was transduced into wild-type C. crescentus, AE5000, and the mutant phenotypes were scored. In all cases, Tcr, Kmr levels and the mutant phenotype cotransferred 100% of the time. In addition, Southern blot analysis was performed to identify the presence of TnS-VB32 in the chromosome. BamHI digests of chromosomal DNAs isolated from several of the mutants were probed with nick-translated X::Tn5 DNA (12, 25 (Fig. 2) . Widely varying concentrations of cysteine did not affect the Km' of the parent strain SC451. However, strain AE7000 exhibited changes in Kmr when the levels of exogenous cysteine were varied (Fig.  2) . Low concentrations of cysteine resulted in high levels of resistance to kanamycin. High concentrations of cysteine resulted in decreased levels of Kms, suggesting that cysteine repressed the expression of the NPT II gene. Thiosulfate also decreased levels of Kmr; however, higher concentrations of this supplement were required. Control experiments using the parent strain carrying a wild-type TnS showed that cysteine concentrations did not affect the expression of the NPT II gene when it was under the control of its native promoter.
To confirm that variations in cysteine concentrations were directly affecting the expression of the NPT II gene responsi- All of these strains except AE4001 and SC451 are Tcr (3 ,g/ml), Gms (20 ,ug/ml), and sps (50 Ag/ml). ble for the observed Kmr, we measured the synthesis of the NPT II protein using anti-NPT II antisera (Fig. 3) . Strain AE7000 was labeled with 14C-labeled reconstituted protein hydrolysate under the conditions described in the legend to Fig. 3 . Immunoprecipitates of labeled cell extracts showed that the presence of cysteine inhibited the production of the Mr 25,000 NPT II protein, whereas its absence resulted in the expression of the NPT II protein. Although thiosulf'ate was present at a concentration barely sufficient to fulfill the cysteine requirement of the cells in minimal media, it was below the level required to repress the expression of the cysteine gene.
The cysteine-controlled expression of Kmr and NPT II synthesis in a strain containing NPT II-encoded sequences within a gene involved in cysteine biosynthesis demonstrates that regulation of gene expression can easily be detected with the Tn5-VB32 probe.
TnS-VB32 Insertion into Genes Involved in Flagellar Biogenesis. In our initial isolation of C. crescentus strains containing TnS-VB32, four nonmotile mutants were found, which were shown by electron microscopy to lack a flagellum. These mutants were of particular interest because flagellar genes are differentially expressed during defined periods in the cell cycle. The levels of Kmr were determined for each of the Tn5-VB32-induced Fla-mutants (Table 2) . Proteins immunoprecipitated by anti-NPT II antibody from cell extracts of C. crescentus AE7000. Cultures initially grown in PYE containing 0.3% glucose, 0.5 mM CaCl,, and a high concentration of cysteine (0.7 mM) were washed and resuspended in minimal BMG medium containing the same supplement with 4 MCi of 14C-labeled reconstituted protein hydrolysate per ml. After 25 min at 30'C the culture was washed, divided into thirds, and resuspended in minimal BMG medium with 4 ,uCi of "4C-labeled reconstituted protein hydrolysate containing either cysteine (0.7 mM), thiosulfate (0.8 mM), or no supplement, as indicated. These cultures were incubated at 30'C, aliquots (5 ml) were removed at the indicated times, and immunoprecipitates of cell extracts were prepared as described (27) . Proteins were separated by electrophoresis through 12% NaDodSO4/polyacrylamide gels and visualized by autoradiography. The arrows indicate the Mr 25,000 NPT II protein (28) . There appeared to be three different levels of Kmr observed. AE7004 (fla-501) had a high level of Kmr comparable to that seen with AE7000. This level of resistance is somewhat less than that observed in strains containing wild-type TnS. AE7005 (fla-502) and AE7007 (fla-504) were sensitive to low concentrations of kanamycin, as was AE7002 (phe-SOl), comparable to strains devoid of TnS (SC451 (10, 15, 23) . The transposition of TnS onto the C. crescentus chromosome is facilitated by its introduction into the cell on a Mu-containing P group R plasmid (10) . TnS insertion mutations have been shown to be random (10) and have been used to isolate cell cycle-specific genes (2). We described here the construction of a TnS-derived promoter probe carrying a promoterless Kmr gene and an intact Tcr gene, TnS-VB32, that can be used (i) for the detection of regulated transcriptional start sites in the C. crescentus chromosome and (ii) to facilitate the mapping and isolation of insertionally inactivated genes tagged with the Tcr marker. TnS-VB32 was shown to transpose onto the C. crescentus chromosome when introduced on plasmid pPV2, which is derived from pJB9JI, in a similar manner to the introduction of wild-type TnS. Because TnS on pJB4JI (derived from JB9JI) can be introduced into such diverse genera as Acinetobacter, Agrobacterium, Alcaligenes, Azospirillum, Erwinia, Pseudomonas, and Rhizobium (29), Tn5-VB32 could be similarly introduced into these strains to address questions of transcriptional regulation.
Although the transposition frequency of Tn5-VB32 into C. crescentus was found to be 1/10th as much as for wild-type TnS, auxotrophic and motility mutants generated by TnS-VB32 insertion occurred at frequencies similar to those found with TnS. The Tcr phenotype, the auxotrophic or motility phenotype, and the Kmr levels of all strains tested were shown to cotransduce. Evidence that TnS-VB32 was inserted into different regions of the chromosome was provided by Southern blot analysis, which showed the presence of a single TnS-VB32-containing fragment of a different size in each mutant chromosome restriction digest. Therefore, TnS-VB32 appears to be randomly inserted into the genome. However, a high percentage (77%) of Kmr strains was obtained among the Tcr exconjugants, which could mean that insertion of the promoter probe is biased towards transcriptionally active regions of the chromosome. Clearly, the isolation of Kms/Tcr strains that had TnS-VB32 sequences in their genomes shows that the probe does not contain a promoter for the NPT II gene that can be read by the C. crescentus RNA polymerase.
The decreased transposition frequency of TnS-VB32 most likely reflects the fact that TnS-VB32 is 1200 base pairs larger than TnS due to the presence of the TnWO Tcr gene. This might contribute to the reduced transposition frequency (30) . However, TnS-VB32, like wild-type Tn5, seems to be stably maintained in C. crescentus. The transduction of TnS-VB32 chromosomal inserts was also found to be less efficient than wild-type TNS inserts. This may be related to the finding that the TnWO Bgl II restriction fragment present in TnS-VB32 contained the tetracycline repressor as well as the Tcr determinant (tetA) (25) and so cells may have been killed before tetA was expressed. The use of tetracycline slant plates (deProc. NatL Acad Sci. USA 81 (1984) scribed in Materials and Methods) increased the efficiency of transduction.
A cysteine auxotroph AE7000 (cys-501::Tn5-VB32) was isolated in which the expression of the transposon-derived NPT II gene occurred from a C. crescentus promoter and its expression was found to be regulated by exogenous cysteine. Therefore, the insertion of Tn5-VB32 allows transcripts to initiate at a C. crescentus promoter, which then read through the leftward 72 base pairs of ISSOL into the NPT II gene. A hybrid protein would not be generated from the insertion event because IS50 contains a stop codon in all three reading frames within the first 30 bases (31). Furthermore, Tn5-VB32 contains its own translation start signal for the NPT II protein and immunoprecipitation data showed that an intact Mr 25,000 NPT II protein was synthesized under conditions of cysteine starvation. In the absence of analysis of the mRNA produced, we cannot rule out the possibility that regulation of NPT II expression by cysteine observed in strain AE7000 is due to post-transcriptional control. It is possible that a hybrid transcript is formed between C. crescentus cysteine biosynthesis-related mRNA and NPT II mRNA and that this transcript contains 5' sequences that can be differentially translated depending on the concentration of cysteine within the cell.
In E. coli and Salmonella the cysteine biosynthetic pathway has been shown to be repressed by cysteine and sulfide and to be derepressed by starvation for this compound (26) . When Tn5-VB32 was inserted into a C. crescentus gene involved in cysteine biosynthesis, both Kmr and the production of the NPT II protein were repressed by exogenous cysteine and derepressed in the absence of supplement. Therefore, the cysteine biosynthetic pathway of C. crescentus appears to be regulated, as it is in E. coli and Salmonella, by cysteine availability.
The isolation of strains AE7004 (fla-501) and AE7006 (fla-503), which have lost the ability to synthesize a flagellum due to insertional inactivation by Tn5-VB32 but show varying levels of Kmr, is relevant to our studies of the control of differentiation in Caulobacter. Several flagellar genes are known to be differentially expressed and the availability of the Tn5-VB32 promoter probe now permits us to test directly whether differential expression is transcriptionally regulated. This probe now permits measurement of transcription from flagellar promoters by pulse-labeling protein in synchronized cells at various times in the cell cycle and preparing immunoprecipitates from cell extracts using anti-NPT II antisera. Promoter probe-generated Fla mutants can also be transduced into strains containing other Fla mutations. A regulatory cascade that controls the expression of flagellar and chemotaxis genes mapping to different regions of the chromosome has been demonstrated in E. coli (32) and recently in C. crescentus (33) . Double flagellar mutants containing one fla gene with a Tn5-VB32 insertion will allow us to determine whether the hierarchy of control occurs at the level of transcription.
